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Abstract
This work illustrates and compares some methods to measure the most relevant parameters of silicon photo-multipliers (SiPMs),
such as photon detection efficiency as a function of over-voltage and wavelength, dark count rate, optical cross-talk, afterpulse
probability. For the measurement of the breakdown voltage, VBD, several methods using the current-voltage IV curve are com-
pared, such as the “IV Model”, the “relative logarithmic derivative”, the “inverse logarithmic derivative”, the “second logarithmic
derivative”, and the “third derivative” models. We also show how some of these characteristics can be quite well described by few
parameters and allow, for example, to build a function of the wavelength and over-voltage describing the photodetection efficiency.
This is fundamental to determine the working point of SiPMs in applications where external factors can affect it.
These methods are applied to the large area monolithic hexagonal SiPM S10943-2832(X), developed in collaboration with Hama-
matsu and adopted for a camera for a gamma-ray telescope, called the SST-1M. We describe the measurements of the performance
at room temperature of this device. The methods used here can be applied to any other device and the physics background discussed
here are quite general and valid for a large phase-space of the parameters.
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1. Introduction
In the last few years the interest in solid state photodetec-
tors has grown significantly. In particular, SiPMs 1 have re-
placed traditional photo-multiplier tubes (PMTs) in many ap-
plications. As a matter of fact, they are very compact, robust,
lightweight, insensitive to magnetic fields and work at temper-
atures that span a wide range from cryogenics to beyond room
temperature. Their operating parameters are stable across de-
vices of the same type thanks to the high level of uniformity
achieved by the solid state technology production technique.
Also the absence of aging caused by the integrated light over
time, makes them particularly tailored for ground-based astro-
physics [1], where they can be operated even in the presence of
high background light level, thus increasing the duty cycle and
then the physics reach of experiments [2].
The University of Geneva and a Consortium of Polish and
Czech Institutions have proposed and built a single mirror small
size telescope (SST-1M) for the Cherenkov Telescope Array
(CTA), equipped with a SiPM-based camera. To achieve the
desired performance with the chosen optics, a mirror of 4 m di-
ameter, the camera of the SST-1M is composed by 1296 pixels,
each of an angular opening of about 0.24◦. This translates into
a pixel linear size of about 2.32 cm (more details on camera and
its design and performances can be found in ref. [3]).
∗Corresponding author
Email address: Andrii.Nagai@unige.ch (A. Nagai )
1Hamamatsu adopted the name Multi-Pixel Photon Counters or MPPCs
In order to have a spatial uniform response of the camera, the
pixels should have a circular shape to ensure equal distance be-
tween pixel centres in every direction. The hexagon is the best
possible shape to achieve this uniformity with minimum dead
space. The pixel size to achieve the required angular resolution
is achieved through a large SiPM coupled with light funnel. A
light funnel, approaching the ideal Winston cone geometry, was
designed by the University of Geneva group to be coupled to
SiPMs and achieve the desired pixel size. The light funnel has
hexagonal shape and has a compression factor of about six [4].
Its internal surface is coated in order to maximise reflection of
UV Cherenkov light produced by the cosmic rays when travers-
ing the atmosphere, and also to have a good reflectivity for light
with a direction almost parallel to cone surface.
The Winston cone geometry, on the other side, imposes to
have the same shape at entrance and exit side and then an hexag-
onal sensor was needed. This was developed by the University
of Geneva group in cooperation with the Hamamatsu company
(Hamamatsu S10943-2832(X)). The main characteristics of the
sensor are detailed in Tab. 1. The sensor area is around 93.6
mm2 with a linear dimension of 10.4 mm flat-to-flat. It ranks
among the world’s largest monolithic sensor. The large area can
be a limiting factor in many application. As matter of fact, the
capacitance and the dark-count rate (DCR) are proportional to
SiPM area. Hence, larger devices tend to have longer output
signals and be more noisy. However, as shown by the SST-1M
camera [3], with the proper electronics, such a large device can
achieve the desired performances in specific applications.
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This work reports on the characterization studies done to val-
idate the design and verify the performances of the SST-1M
new sensor type.
Nr. of channels 4
Cell size 50 × 50 µm 2
Nr of cells (per channel) 9210
Fill Factor 61.5%
DCR (@Vop per channel) 2.8-5.6 MHz
Cµcell (@ Vop per channel) 85 fF
Cross-talk (@Vop per channel) 10%
VBD Temp. Coeff. 54 mV/C◦
Gain (@Vop per channel) 1.49 × 106
Table 1: S10943-2832(X) SiPM main characteristics provided by the producer
at T = 25 ◦C. Vop = VBD + 2.8 V.
2. The Hamamatsu S10943-2832(X) SiPM
The SiPM S10943-2832(X), shown in Fig. 1, has been de-
signed in collaboration with Hamamatsu and is based on the so
called LCT2 (Low Crosstalk) technology available when the
camera design was done. Hamamatsu has further improved
this technology (LCT5 or LVR) and offers now better perfor-
mance. It is worth to mention that the hexagonal shape can be
obtained using any Hamamatsu µcell standard technology and
size, through a dedicated photo-mask. Currently, we evaluate
that the slightly higher DCR of LCT2 does not impact signifi-
cantly performances of camera if appropriately calibrated. Ac-
tually, dark counts are useful for in-situ calibrations and then a
further reduction of this rate increases the time needed to accu-
mulate the statistics needed for precise calibrations.
Thermistor
B1 B2
A2A1
Figure 1: Picture of the Hamamatsu S10943-2832(X) SiPM (right) and its elec-
tric equivalent model (left). On the sensor package also a NTC temperature
probe is present. This is used to monitor the temperature variation affecting pa-
rameters as DCR or Vbreakdown, for which a real-time correction can be applied
to keep the working point stable [5].
The sensor capacitance is directly related to its active area
and this has an impact on the signal recharge time. In this case,
Figure 2: SiPM polarisation scheme and pre-amplifier topology used to sum up
its four channels.
signals would have typical duration of about hundred ns, a too
long time for the desired bandwidth of 250 MHz. This fre-
quency has been chosen taking into account the typical time
duration of atmospheric showers induced by gamma-rays and
cosmic rays. To reduce the effect of the capacitance, the sensor
has four independent anodes and a common cathode as shown
in Fig. 1. This configuration allows to readout the 4 channels
independently but there is a single bias for the whole sensor.
Nonetheless, in order to achieve the desired bandwidth, a shap-
ing of the signal is needed.
To address this features, we developed in house the pre-
amplification chain based on off-the-shelf components. The
solution adopted [5] is a trans-impedance amplifier topology
with low noise amplifiers (OPA846) as it can achieve the
required events rate with the best signal-to-noise ratio and
gain/bandwidth ratio. As shown in Fig. 2, the four channels are
summed by two in order to reduce the equivalent capacitance
and pulse length. The summed signals are further summed up
in a differential amplifier, which feeds the output signal into the
digital readout system.
Another important characteristic of the camera architecture
is the fact that the front-end and the digital readout are DC
coupled. This is important for gamma-ray astronomy, where
Moon light and human-induced light and their reflections are a
relevant background. As a matter of fact, the Night Sky Back-
ground (NSB) contributes to the determination of the real work-
ing point of the device, relevant to correctly extract the number
of photons from the signal.
3. Static characterisation
All the laboratory measurements (i.e. static, dynamic and
optical) are performed at room temperature T = 25 ◦C at the
premises of IdeaSquare2 at CERN, where an experimental setup
has been developed. The static characterization (i.e. reverse
and forward current-voltage (IV) curves), is performed using
a Keithley 2400 [6] pico-ammeter for bias supply and current
measurements.
3.1. Forward IV characterization
The forward IV characteristic curve of the SiPM, shown in
Fig. 3, exhibits a very small increase of the current when the
2http://ideasquare.web.cern.ch
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polarization voltage, Vbias, is below the threshold value and a
linear rapid current increase with Vbias above this threshold. A
physical interpretation of this behaviour can be attempted start-
ing from the ideal Shockley law [7], which expresses the for-
ward current flowing Id through a p-n diode as:
Id = Ids
[
exp
(
V j
ηVT
)
− 1
]
, (1)
where Ids is the diode reverse bias saturation current, V j is the
voltage across the junction, VT is the thermal voltage and η is
the ideality factor. The voltage V j is the difference between
the applied voltage Vbias and the voltage drop across the neutral
region and the ohmic contacts on the two sides of the junction:
V j = Vbias − Id · Rs (2)
where usually Rs '100 Ω.
Replacing V j by Vbias in Eq. 1, we obtain:
Vbias = ηVT
[
ln
(
Id
Ids
+ 1
)]
+ Id · Rs . (3)
The SiPM is an array of Nµcell micro-cells (µcells), which are
SPADs (single photon avalanche diode). Each µcell can be rep-
resented by a diode connected in series with a quenching resis-
tor Rq3. Eq. 3 applies to each single µcell but requires the addi-
tion of the voltage drop caused by the presence of a quenching
resistance Rq. Then for a full SiPM device with Nµcell connected
in parallel, Eq. 3 becomes:
Vbias = ηVT
[
ln
(
I
Is
+ 1
)]
+ I
(Rs + Rq)
Nµcell
. (4)
where Is is the SiPM reverse bias saturation total current and I
is the forward total current flowing through it.
The last term of Eq. 4 becomes dominant when the current is
high (I/Nµcell > 5 µA). In this regime, Rs + Rq can be extracted
from a linear fit of the forward IV characteristic curve in Fig. 3:
Rq + Rs =
Nµcell
b
'
|Rq>>Rs |
Rq . (5)
where b is the slope parameter extracted by the linear fit (red
line in Fig. 3). Also, b can be calculated as b = dIdVbias . For this
SiPM, the fit gives Rq = 182.9 ± 0.3 (stat.) ±31 (sys.) kΩ.
The systematic uncertainty comes from the fact that I does not
increase linearly with Vbias. This can be seen from the bottom
part of Fig. 3, showing Ratio =
(
Idata − I f it
)
/Idata and dIdVbias . It
is calculated as:
σ
Rq
sys. = 0.5 ·
(
Nµcell
b1.6V
− Nµcell
b2.5V
)
. (6)
3The µcell works in Geiger-Avalanche mode meaning that when a photon
is absorbed, an electron-hole pair is created and the high electric field in the
junction starts charge multiplication, which produces an avalanche. If the field
is not reduced, the charge avalanche is stationary and leads to thermal destruc-
tion of the device. By adding a resistor in series to the µcell, a voltage drop
is produced by the current induced by the charge avalanche when flowing into
the resistor. This drop reduces the field across the device thus quenching the
avalanche. For this reason the SiPM are also referred to as an array of G-APDs
- Geiger-Avalanche Photo-Diodes.
where b1.6V and b2.5V are two slopes calculated at Vbias of 1.6 V
and 2.5 V respectively.
Figure 3: The forward IV characteristic and its derivative of the Hamamatsu
S10943-2832(X) SiPM. The linear fit (red line) is superimposed to data points.
In the bottom pane is shown the Ratio =
(
Idata − I f it
)
/Idata.
3.2. Reverse IV characterisation
The current flowing in the SiPM, when not illuminated, de-
pends on the available free carriers. The Shockley-Read-Hall
(SRH) [8, 9] effect is the dominant one in semiconductors
and it is also the main contribution to the bulk dark current.
It describes the generation and recombination of electron-hole
pairs due to the trapping effect of impurities in the lattice (for
this also called trap-assisted recombination), as well as band-to-
band tunneling effects. In addition the carriers generation rate
can be enhanced by reduction of activation energy due to the
Poole-Frenkel effect [10].
In the reverse IV characteristic curve of the SiPM, shown
in Fig. 4, two zones are identified, corresponding to different
regimes:
(1) the “Linear” regime (pre-breakdown), corresponding to
Vbias below the breakdown voltage (VBD), where the cur-
rent increases slowly with Vbias. This dark current is due
to the surface current and the bulk dark current due to the
free carriers.
(2) the “Geiger” regime (post-breakdown), corresponding to
Vbias above VBD where the current increases much faster
with Vbias. This trend is due to the Geiger avalanche
created by the free carriers generated by ionization. Pri-
mary free carriers, which trigger an avalanche, are usually
created, due to the SRH thermal generation enhanced by
Poole-Frenkel effect and tunnelling, but also to other as-
sociated effects as afterpulsing, prompt cross-talk and de-
layed cross-talk.
3
Figure 4: The reverse IV characteristic data points of the Hamamatsu S10943-
2832(X) SiPM. Two different regions can be distinguished: pre − breakdown
and post − breakdown.
The breakdown voltage VBD of a SiPM device represents the
voltage above which the electrical field inside the depleted re-
gion of a µcell is high enough that any free carrier (created by an
absorbed photon or by a thermally generated carrier) can trig-
ger an avalanche. It marks, then, the transition between the two
regimes and that is why it represent one of the most important
parameter to determine.
The reverse IV measurements is commonly used for fast cal-
culation of VBD using different methods such as the “relative
logarithmic derivative” [11], the “inverse logarithmic deriva-
tive” [12], the “second logarithmic derivative” [13], the “third
derivative” [14] and “IV Model” methods [15, 16].
In the “relative logarithmic derivative” the breakdown volt-
age can be calculated [17] as the voltage where ddVbias ln(I) =n
Vbias−VBD diverges, where n is the model constant which deter-
mine the shape of the reverse IV . Clearly, this divergence is not
observed in the experimental data, being a non-physical state.
Therefore, from this method one can extract V1dBD, a quantity
proportional to VBD, as the voltage at which the “relative loga-
rithmic derivative” has a local maximum, for example by fitting
the region around VBD with a peaked and skewed function. In
our case, we chose a Landau function (see Fig. 5).
The “inverse logarithmic derivative” 1/ ddVbias ln(I) increases
linearly with Vbias above the VBD (See Fig. 6). Assuming that
this behaviour does not change near the breakdown region, the
breakdown voltage V1dinv.BD can be extracted as the voltage at
which the “inverse logarithmic derivative” is equal to zero, i.e.
the intersection with the x-axis of the fitted line above VBD.
The “second logarithmic derivative” method [13, 18] is com-
monly used for the VBD determination. Here, V2dBD is calculated
as the voltage corresponding to the maximum of the second
derivative, as shown in Fig. 7. However, we observe that the
Figure 5: The reverse IV characteristic data points and its logarithmic deriva-
tive. A V1dBD = 55.188 V is extracted from the fit of the data (red line) with a
Landau function. Also, the Ratio =
(
d
dV ln(I) − I f it
)
/ ddV ln(I) is shown at the
bottom of the figure.
Gaussian fit does not describe the data well. Therefore, this
method determines a systematic error in the absolute value of
VBD.
The “third derivative” method [19, 14] assumes two separate
breakdown voltages: the “turn-on” V3d turn−onBD and “turn-off”
V3d turn−o f fBD voltages. V
3d turn−on
BD defines the regime in which
a µcell initiates an avalanche and the current is related to the
avalanche triggering probability PG. V
3d turn−o f f
BD is the voltage
at which the quenching of the avalanche starts and the current
is related to charge production. Following the prescription in
Ref. [14], we find 54.65 V and 55.45 V for V3d turn−o f fBD and
V3d turn−onBD , respectively (see Fig. 8).
To overcome the limitation of all the methods shown so far,
a model of the reverse IV curve has been proposed [15, 16].
According to this “IV Model”, different SiPM working regimes
can be identified in the IV curve, as shown in Fig. 9. As in
Fig. 4 the “Linear” region (1) is below VBD, while here the
“Geiger” region above VBD, is split in four different regions: the
“just-above” (breakdown), “transition”, “far-above” and “post-
second breakdown” zones.
This model can describe the IV over the full working range
of SiPM and therefore it can be used not only to determine
breakdown voltage V IV−ModelBD , but also to determine other SiPM
parameters such as working range or Geiger probability PG
when the IV is measured under light illumination. Here we
use the procedure described in Ref. [15], and we obtain a
V IV−ModelBD = 54.799 V.
The systematic uncertainty on all these measurements is
given by the:
• voltage source accuracy, which has been determined as
4
Figure 6: The reverse IV characteristic data points and its inverted logarithmic
derivative. A value of V1dinv.BD = 54.812 V is determined as intercept of the x-
axis of the right scale and the fitted inverted logarithmic derivative (red line).
Also, the Ratio =
(
1/ ddV ln(I) − I f it
)
÷ 1/ ddV ln(I) is shown at the bottom.
suggested by the producer [6] as:
σsys. = VBD · 0.02% + 24mV ∼ 35mV (7)
.
• the model assumptions made to approximate the IV curve
with a simple equation:
– as already noted, divergence to infinity of the re-
verse IV for the “relative logarithmic derivative” and
for the “inverse logarithmic derivative” cannot phys-
ically observed;
– “second logarithmic derivative” and “third deriva-
tive” methods do not fit perfectly experimental data;
– the ”IV Model” does not describe the experimental
data near V IV−ModelBD and VCR. As a matter of fact,
a SiPM biased below VBD works like an avalanche
photodiode and this regime is not included in the IV
Model (for more details see Ref. [16]). Additionally,
following Ref. [20], the VBD value is subject to statis-
tical fluctuations due to Geiger avalanche statistical
fluctuations. On the other hand, the difference near
VCR is related to the voltage drop on Rq.
In Fig. 10, the values of VBD obtained using the described
methods are compared. They are spread over a range of less
than 1 V. In general, the “inverse logarithmic derivative” or
“second logarithmic derivative” methods provide the most sta-
ble and straightforward results, and provide a reasonable esti-
mate of VBD. Therefore, those methods are used when many
SiPM devices should be characterized or compared, as for ex-
ample in quality assurance procedures. However, for the full
Figure 7: The reverse IV characteristic data points and its second logarithmic
derivative curve. The V2dBD = 55.036 V is extracted from the fit of the peak.
Also, the Ratio =
(
d2
dV2
ln(I) − I f it
)
÷ d2
dV2
ln(I) is shown at the bottom of the
figure.
characterization of a device, the ”IV model” should be used, as
it can provide the most complete description of the reverse IV.
This is the optimal method when design and tuning of front-end
electronics is needed or to compare performance of different de-
vices. Moreover, as will be shown in Sec. 5.2, the “IV Model”
method can also provide the relative photodetection efficiency
(PDE) of a device.
Fig. 10 also shows the value of the breakdown voltage as
determined with a measurement done with light, which will be
described later in Sec. 4.
4. Dynamic characterisation
For the dynamic measurements presented here (also refer-
eed further as AC measurements), instead of the standard pre-
amplification topology used in the real camera [5](see Fig. 2),
each SiPM channel is connected to an operational amplifier
OPA846 and readout independently. The SiPM device is illu-
minated with low intensity light of different wavelengths (e.g.
405 nm, 420 nm, 470 nm, 505 nm, 530 nm and 572 nm) pro-
duced by pulsed LEDs. For each operating voltage of the LED
providing a certain light level, 10’000 waveforms are acquired
on an oscilloscope and sampled at 500 MHz. Each one is 10 µs
long. The signal used to pulse LEDs is produced by a pulse
generator and it is also used to trigger waveform acquisition.
The readout window is adjusted in such a way to have the
trigger signal in the middle of the waveform. i.e. at 5 µs from
the window start, in order to have
• a “Dark” interval from 0 to 5 µs, when the device is oper-
ated in dark conditions. Only uncorrelated DCR enhanced
5
Figure 8: The reverse IV characteristic data points and its third derivative. The
values of 54.65 V and 55.45 V is found for “turn-off” and “turn-on” VBD from
the fit of the curve. Also, the Ratio =
(
d3
dV3
(I) − I f it
)
÷ d3
dV3
(I) is shown at the
bottom of the figure.
Figure 9: The reverse IV characteristic data points and its fit done with the “IV
Model”, from which a V IV−ModelBD of 54.621 V is extracted. The main regions
(“pre-breakdown”, ‘just-above”, “transition”, “far-above” and “post-second
breakdown”) are highlighted with different colours. Also, the Ratio =
Idata−I f it
Idata
is shown at the bottom of the figure.
Figure 10: VBD with statistics (σstat.) and systematic (σsys.) errors of the Hama-
matsu S10943-2832(X) SiPM obtained form static and dynamic measurements.
by correlated noise, i.e. cross-talk (prompt and delayed)
and afterpulses, are present (see Sec. 4.5 for more details);
• “LED” interval, from 5 to 10 µs, when the device is illu-
minated by LED light pulses. In this case, both signals
pulses due to the light and uncorrelated SiPM noise pulses
are present. Both types of pulses are further affected by
SiPM correlated noise (i.e. prompt and delayed cross-talk
and afterpulses).
Dark intervals are used to calculate the SiPM Gain, the
breakdown voltage VACBD , the dark count rate (DCR) and the op-
tical cross-talk probability PXT , while LED intervals are used to
calculate the SiPM photon detection efficiency PDE. To mea-
sure the afterpulses probability PAP, an additional data run was
performed (See sec. 4.5.2).
The data acquisition system used for these measurements,
consists of a transimpedance amplifier based on OPA846, an os-
cilloscope Lecroy 620Zi for the waveform acquisition (a band-
width of 20MHz is used to reduce the influence of the electronic
noise) and a Keithley 6487 to provide bias voltage to the SiPM.
For each LEDs of different wavelengths, the over-voltage ∆V =
Vbias −VACBD is varied in the range 1 V < ∆V < 8 V, to cover the
full working range of the device (see Sec. 3.2).
4.1. Automatic data analysis procedure
The acquired experimental data are analyzed with an auto-
matic procedure developed in the ROOT Data Analysis Frame-
work 4. The waveforms acquired with the oscilloscope are used
to create ntuples storing SiPM pulse templates. The steps of
the analysis to determine the main features of pulses are the
following:
• the construction of a template of a typical SiPM pulse
shape (see Fig. 11) in a given working condition;
4https://root.cern.ch
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• a pulse finding procedure to identify SiPM pulses (i.e. a
single pulse or a train of pulses 5) and their relative time
spacing;
• a template subtraction to reconstruct only the SiPM pulses
in a train of pulses.
The SiPM pulse characteristics, such as the baseline, time
position and amplitude, rise time and decay time, charge Q,
tbe f ore6 and ta f ter7, are determined for different values of Vbias.
More details on the developed analysis procedure can be found
in the Ref.[21].
Figure 11: Typical SiPM pulse for a single photon equivalent (1 p.e.) on top of
which its main characteristics are indicated.
4.2. SiPM Gain
The SiPM gain G is defined as the number of charges created
by one avalanche in one µcell and it can be expressed as:
G =
Q
e
=
(
Cµcell + Cq
)
·
(
Vbias − VACBD
)
e
, (8)
where Q is the avalanche charge, Cµcell and Cq are the µcell and
parasitic capacitance, respectively, and VACBD is the breakdown
voltage (more details are given in Sec. 4.3). The SiPM gain
can be calculated from the time integration of the signals of a
device:
G =
Q
e
=
1
GAmp · e ·
1
R
∫
(V(t) − BL) dt, (9)
where GAmp is the amplifier gain, R is the amplifier input
impedance (R = 50 Ω), V(t) is the pulse evolution over time
and BL is the baseline. The gain of the OPA846 amplifier has
5By single pulses here it is intended a SiPM signal separated by neighbour-
ing pulses by a time interval longer than its recovery time, while train of pulses
is a sequence of two or more signals within a time interval shorter than the
SiPM recovery time.
6Time difference between the analyzed pulse and the previous one.
7Time difference between the analyzed pulse and the following one.
strong frequency dependence. Therefore, it will be different for
different SiPMs. However, in particularly for our SiPM device
the GAmp of 5.86 ± 0.04 was found. At a given Vbias and tem-
perature the SiPM gain has Gaussian shape as shown in [22].
Therefore, gain errors were calculated as the errors of the mean.
As can be seen in Fig. 12, the gain increases linearly with Vbias
as expected from Eq. 8.
Figure 12: SiPM gain vs. Vbias for the Hamamatsu S10943-2832(X). The VBD
of 54.699 V is found at the intersection of the linear fit with the x-axis. Also
the ratio, defined as the difference between the experimental data and the fit
function values divided by the experimental data, is shown.
4.3. Breakdown Voltage
From the curve of the gain as a function of Vbias (Fig. 12), the
breakdown voltage VACBD can be determined as the value where
G = 0 (see Eq. 8), i.e. extrapolating the linear fit to zero. The
obtained value is VACBD = 54.699 ± 0.017 (stat.) ± 0.035 (sys.) V.
The comparison between this value and those obtained from re-
verse IV curve static methods (see Sec. 3.2) is shown in Fig. 10.
We can observe significant differences between the dynamic
measurement and the static ones, except for the V3dturn−o f fBD ob-
tained with the 3rd derivative method. The VACBD and V
turn−o f f
BD
are equal within the uncertainties. However, for all other break-
down voltages, the VACBD value is a few hundreds of mV smaller
than VBD from the IV methods. This discrepancy reflects the
described limitation of some of the static methods. As it can
be seen in Fig. 13, the IV static measurement is sensitive to
the onset of the avalanche phenomenon and it determines the
breakdown voltage, as defined by the fundamental papers of
McIntyre (named as “turn-on” voltage) [23]. The Gain linearity
dynamic method determines the voltage across the diode when
the avalanche is quenched (named as “turn-off” voltage). The
“turn-off” (i.e. VACBD and V
turn−o f f
BD ) is naturally lower than the
“turn-on” (i.e. V1dBD, V
1dinv.
BD , V
2nd
BD , V
3dturn−on
BD and V
IV−Model
BD ), as
shown in the Fig. 10).
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Figure 13: The zoom near VBD region of the reverse IV curve with superim-
posed the linear fit of Gain vs. Vbias data from Fig. 12. Vertical lines indicate
various breakdown voltages: VACBD , V
IV−Model
BD and V
1dinv.
BD
4.4. SiPM micro-cell capacitance and depletion depth
Combining Eq. 8 and Eq. 9, one can extract the device ca-
pacitance, which is the sum of the µcell Cµcell capacitance and
the parasitic Cq one. Cµcell is related to µcell geometry, through
the parallel plane capacitance equation:
Cµcell = 0 · S i × Ad , (10)
where 0 = 8.854×10−14 F/cm is the vacuum permittivity, S i =
11.9 is the silicon dielectric constant, A = (50×50)×0.615 µm2
is the active area reduced by the geometrical fill factor of 0.615
and d is the depletion thickness of the µcell. From this for-
mula, the resulting depletion thickness is d = 1.9 µm. This re-
lationship between Cµcell and the depletion thickness was stud-
ied with Silvaco TCAD8 simulation of the capacitance-voltage
characteristic of a diode structure similar to the SiPM micro-
cell (i.e. p+/n/n-epi/n-substrate). We found agreement between
simulated and calculated depletion thicknesses within 0.1 µm,
corresponding to 5.2 % relative error.
4.5. SiPM noise and DCR
SiPM noise is a limiting factor for low-light level applica-
tions (from one to few photons) and various mechanisms con-
tribute to it. Two main categories of noise can be identified: the
DCR or primary uncorrelated noise, which is independent from
light conditions, and the secondary or correlated noise.
At room temperatures, the DCR is dominated by thermal
generation of carriers. When a SiPM is operated at high over-
voltage ∆V and the electric field across the junction increases,
8https://www.silvaco.com/products/tcad.html
the carriers can tunnel from the valence band to the conduc-
tion band through trap or defect states. In this case, the rate
of thermally generated carriers is amplified by the trap-assisted
tunnelling mechanism. In addition, the generation rate can
be enhanced by the reduction of activation energy due to the
Poole-Frenkel effect [10]. As the electric field increases, the
tunnelling of electrons directly from the valence band into the
conduction band increases. Therefore, at a given temperature,
the DCR is determined by the rate of thermally generated car-
riers Ncar and the probability that carriers trigger an avalanche
(i.e. Geiger probability PG). Consequently, a simple empirical
formula for the DCR can be approximated as:
DCR = Ncar · PDCRG · eb·Vbias (11)
where b is a free parameter describing the increase of DCR with
Vbias due to electrical field effects, PDCRG is the average Geiger
probability for dark pulses. Following the Refs. [15] [24] the
Geiger probability can be well expressed as:
PG = 1 − e−PGS lope ·∆V (12)
where PGS lope is the SiPM structural parameter, which deter-
mines the rate of increase of PG with ∆V . PGS lope depends on
whether an electron or a hole initiates an avalanche (i.e. it de-
tected light of some wavelength) and to some extent on the tem-
perature [25] (See Sec. 5.3). Therefore, PDCRG can be approxi-
mated as:
PDCRG = 1 − e−P
DCR
GS lope
·∆V
(13)
where PDCRGS lope is the average PGS lope of DCR pulses.
Secondary, or correlated, noise is due to the optical cross-talk
and the afterpulsing induced by a primary avalanche previously
generated by a noise source or by detected light photons. Dur-
ing the primary avalanche multiplication process, photons can
be emitted due to hot carrier luminescence phenomena [26].
These photons may lead to:
• Prompt optical cross-talk, due to photons starting sec-
ondary avalanches in one or more neighbour µcells. There-
fore, the prompt cross-talk probability PXT can be ex-
pressed as:
PXT = G · Phν · PXTG (14)
where Phν is the probability that a photons is emitted,
reach the high field region of another µcell and create
electron-hole pair, G is the SiPM gain, i.e. the number
of charges created during primary avalanche multiplica-
tion (see Eq. 8) and PXTG is the average Geiger probability
for cross-talk pulses. PXTG can be approximated as:
PXTG = 1 − e−P
XT
GS lope
·∆V
(15)
where PXTGS lope is the average PGS lope of cross-talk pulses.
• Delayed optical cross-talk, due to photons, absorbed in the
non-depleted regions of the device (i.e. substrate), pro-
ducing charge carriers that can drift through the depleted
region and trigger secondary avalanches [27, 28]. The
carrier diffusion time determines the delay time.
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Afterpulsing occurs when, during the primary avalanche mul-
tiplication process, carriers are captured by trap levels in the
µcell junction depletion layer and are released after some time,
triggering a secondary avalanche discharge correlated to the pri-
mary one. Therefore, the afterpulse probability PAP can be ap-
proximated as:
PAP = G · Ptrap · PPAPG , (16)
where Ptrap is the probability that a carrier will be trapped and
released after and PPAPG is the average Geiger probability for
afterpulses.
Since, the afterpulsing occurs in the same µcell as primary
avalanche, its amplitude AAP strongly depends on the recovery
state of the µcell, and can be expressed as:
AAP = A1p.e. − A1p.e. · exp
[
− t
τrec.
]
, (17)
where A1pe is the single photoelectron (p.e.) amplitude and
τrec. = Rq ·Cµcell is the recovery time constant.
As mentioned before, the device is considered as operated in
dark conditions, in the time window of about 5 µs preceding
the LED trigger. This time interval is used to calculate the dark
count rate DCR.
Figure 14: DCR vs. threshold for different values of overvoltage ∆V for the
Hamamatsu S10943-2832(X) SiPM. The blue and green vertical lines represent
the DCR at 0.5 p.e. and 1.5 p.e. thresholds, respectively.
The DCR as a function of a discriminating threshold ex-
pressed in photoelectrons p.e. at a given ∆V is calculated by
counting the number of SiPM pulses with amplitude above the
threshold (see Fig. 14). This counting method is affected by af-
terpulses. To overcome this limitation, the Poisson statistic can
be used to calculate pure uncorrelated SiPM noise at 0.5 p.e.
threshold as:
DCRPoisson = − ln (Pdark(0))L = −
1
L
ln
(
Ndark(0)
Ndark(total
)
(18)
where Pdark(0) is the Poisson probability not to have any SiPM
pulse and then −ln(Pdark(0)) is the average number of detected
SiPM pulses within the time interval L. The Pdark(0) can be
calculated as:
Pdark(0) = − Ndark(0)Ndark(total) , (19)
where Ndark(total) represents the total number of analyzed
waveform and Ndark(0) is the number of waveforms without
any SiPM pulse within given time interval L. As can be seen
in Fig. 15, the DCRPoisson is overestimated for short window
lengths (≤ 1 µs), as it also affected by afterpulses. So to estimate
correctly the DCR, we need to use a window greater than 1 µs,
where the DCR becomes flat within the error bars. This value
clearly depends on the afterpulse probability and their distribu-
tion in time for the specific device, but the same method can be
used to identify the right window size for any type of device.
Figure 15: DCR calculated from Poisson statistics vs analysis window length.
Despite the fact that DCR calculated from pulse counting
method is slightly overestimated due to afterpulses (see Fig.
16), it is anyhow interesting to use it to extract other important
parameters of the device.
The trend of the DCR measured as function of the overvolt-
age, at the threshold of 0.5 p.e., can be fitted using Eq. 11. From
the fit, we can extract PDCRGS lope = 0.366 using Eq. 13 (for a phys-
ical interpretation of this parameter see Sec. 5.3). The discrep-
ancy between data and fit is larger than the errors. This can
be related to the fact that the fit formula does not include af-
terpulses and delayed optical crosstalk. The inclusion of these
two effects would make the fit more complex and unstable. This
inclusion is not worth given that the errors are quite small (10
ppm at ∆ = 1.5 V) and then the discrepancy has negligible im-
pact.
4.5.1. Prompt cross-talk probability
The measured DCR at thresholds ≥ 1.5. p.e. can be re-
garded as the results of the optical cross talk effects related to
the DCR0.5 p.e. and then
DCR1.5 p.e. = DCR0.5 p.e. × PXT , (20)
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Figure 16: DCR vs. ∆V for Hamamatsu S10943-2832(X) for the 0.5 p.e. count-
ing method (blue) as well as from Poisson statistics method (red) and the 1.5
p.e. threshold (green). Also, the difference between the experimental data and
the fit, normalized to experimental data, is presented for the 0.5 (blue), 1.5
(green) p.e thresholds and Poisson statistics (red) are shown. The Fit parame-
ters for the Poisson statistics method are indicated.
which can be used to define how to measure PXT :
PXT =
DCR1.5p.e.
DCR0.5p.e.
. (21)
However also the pile up effect is present. The total rate
of pile up pulses within a given time interval τ can be calcu-
lated as the sum of the pile up rate of two, three, four and more
pulses (Rtotal = R2p + R3p + R4p + ...). Using a standard ap-
proach [29], the rate for the estimation of accidental pile up of
2 pulses, with a rate of DCR0.5p.e. and a coincidence window of
τ, is 2 · τ · DCR20.5p.e.. Therefore, the total rate, Rtotal, for any
number pile-up event, can be regarded as a geometrical series
of τ · DCR0.5p.e.:
Rtotal = R2p + R3p + R4p + ... (22)
= 2 · τ · DCR20.5p.e. + 2 · τ2 · DCR30.5p.e. + ...
=
2 · τ · DCR20.5p.e.
1 − τ · DCR0.5p.e.
The PXT can be corrected for the pile up effect as:
PCorrectedXT =
DCR1.5p.e. − Rtotal
DCR0.5p.e. + Rtotal
. (23)
In our case, the afterpulses can be neglected as they can ap-
pear within τ = 10 ns, and then their contribution to the ampli-
tude is negligible. As matter of fact, the maximum possible af-
terpulse amplitude within this time interval was calculated from
Eq. 17 and it is only 0.37 p.e. Therefore, the amplitude of the
primary pulse, even including afterpulses, is still below 1.5 p.e.
threshold.
In Fig. 17 the prompt optical cross-talk probability, PXT , as a
function of the over-voltage, ∆V , is shown (blue dots) together
with the corrected one (green dots). The pile-up correction is
below 1% due to the small value of τ, which is the minimal
separation in time between two pulses needed for the automatic
data analysis to recognize them as single pulses inside a train.
However, the pile-up correction may become important when
SiPMs with very low PXT are used or when τ is much longer,
as shown in Ref. [30].
Figure 17: PXT vs ∆V of Hamamatsu S10943-2832(X) with (PCorrectedXT in
green) and without correction for the pile up effect (PXT in blue). In the bottom
plot the difference between experimental data and fit normalized to data errors
is shown.
We can see that except for two points, the difference be-
tween fit and data is inside the error bars. Given Cµcell = 85
fF (See Tab. 1), two free parameters can be extracted from the
fit of PCorrectedXT : Phν and P
PXT
GS lope
. We find an average probabil-
ity Phν = 1.28 × 10−7 that photon with sufficient energy can be
emitted by one carrier crossing the junction during avalanche
multiplication and reach the high field region of another µcell.
Taking into account that the average probability of photons with
energy higher than 1.14 eV (or λ ≤ 1000 nm), emitted by car-
riers crossing the junction, is 2.9 × 10−5 [31], we can conclude
that around 2% of emitted photons reach the high field region of
neighbouring µcells. The parameter PPXTGS lope = 0.155 is extracted
from the fit. Its physical interpretation will be discussed later in
section 5.3.
As a further cross-check, we use the value found here for PXT
to fit the data in Fig. 16 using Eq. 20 and Eq. 14. The parameters
found from the fit of DCR0.5 p.e. in Fig. 16 are fixed in the fit for
DCR1.5 p.e.. Also in this case, the data are well reproduced by
the fitted model, as for DCR0.5 p.e.
The PDCRG , extracted from DCR data shown in Fig. 16, rep-
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resents the probability that a free carrier initiates an avalanche
(see Eq. 11), while PXTG represents the probability that a photon
(emitted by hot carrier luminescence) is absorbed and initiate
an avalanche (See Eq. 14). In general, free carriers and lumi-
nescence photons are absorbed at different depths of SiPM ac-
tive areas. Therefore, PDCRG , P
XT
G , even if they have a similar
behaviour as a function of ∆V .
4.5.2. Afterpulse and delayed cross-talk probability
The afterpulse probability is measured by acquiring 20 µs
long waveforms, triggering their acquisition and using a pulse
with an amplitude larger than 0.5 p.e.. This pulse, called in the
following primary pulse, is adjusted to fall in the center of the
waveform (i.e. at 10 µs). To ensure that pulses are either after-
pulses related to the primary pulse or randomly generated dark
pulses, waveforms without any signal within the 5 µs preceding
the primary pulse are selected and analyzed in the following.
For all waveforms triggered by a primary signal of 1 p.e. am-
plitude, the time difference between primary pulse and first fol-
lowing pulse is shown in Fig. 18. The number of DCR pulses,
separated by a given time difference ∆t, can be calculated as:
NDCR(∆t) =
nDCR
τDCR
· exp
( −∆t
τDCR
)
, (24)
where τDCR = 1/DCR is the average time difference between
two dark pulses and nDCR is the normalization amplitude. Not to
include afterpulses, the DCR from the Poisson statistics method
was used. Eq. 24 is used to fit the data in Fig. 18, where the con-
tribution due to the afterpulse component is also shown. This
afterpulse component can be approximated as:
NAP =
nAP
τAP
· exp
(−∆t
τAP
)
·
(
1 − exp
(
− ∆t
τrec.
))
, (25)
where τAP is the afterpulse time constant and nAP is the normal-
ization amplitude, 1 − exp
(
− ∆t
τrec.
)
takes into account decreases
of Geiger probability due to micro-cell recovery time. More
than one afterpulse time constant (e.g. fast and slow) can pre-
sented, as shown in Ref. [22] for older SiPM devices. For the
studied SiPM, a single τAP was found. This is due to the use of
improved materials and wafer process technologies [11] reduc-
ing drastically afterpulses. Both Eq. 24 and Eq. 25 have similar
exponential behavior, even if they are related to different phys-
ical phenomena: Poisson statistics of SiPM uncorrelated noise
(Eq. 24) and SiPM trap level lifetime (Eq. 25).
The data in Fig. 18 are approximated as the sum of the 2
components:
Ntotal(∆t) = NDCR(∆t) + NAP(∆t). (26)
This equation neglects the probability Pcor(DCR, AP) that after-
pulse and DCR pulse may appears in the same micro-cell within
the micro-cell recovery time 5 × τrec. [32], since it is negligibly
small:
Pcor(DCR, AP) =
< DCR >
Nµcell
· 5 × τrec. ∼ 2.5 × 10−5. (27)
where < DCR > is average DCR over ∆V at a given T .
Using this approximation to fit the data, the τAP can be ex-
tracted. It is shown in Fig. 19 as function of ∆V . Data for
∆V < 3V are not presented in Fig. 19 due to the very low
afterpulse probability leading to poor statistics. The τAP is a
device structure parameter depending on the SiPM structure, Si
impurities and temperature. Therefore, variations of τAP with
∆V reflect measurements uncertainties. An average value of
< τAP > of 6.769 ± 0.110 ns is found.
The number of afterpulses NAP(∆t), calculated as the differ-
ence between the measured number of events and NDCR(∆t), is
represented by the blue histogram in Fig. 18. Then the after-
pulse probability is calculated as:
PAP =
∫ 5×<τAP>
0 NAP(∆t)dt
Nprim.
, (28)
where Nprim. is the number of primary avalanches. The PAP as
a function of ∆V is presented in Fig. 19.
Figure 18: Distribution of the time difference between primary pulse and first
following pulse at ∆V = 3.5 V. By subtracting the contribution from DCR
(dashed line), the distribution for afterpulses only (blue) was obtained.
Fig. 20 is a two-dimensional histogram of the amplitude in
p.e. of the first pulse following a primary pulse of 1 p.e. vs the
time difference between the two. This plot shows the various
SiPM noise components. The population of dots around am-
plitude of 1 p.e and time delay larger than 50 ns are typically
dark pulses and afterpulses. Nonetheless, for this device only
dark counts contribute due to the short afterpulse time constant
τAP. The population with amplitude lower than 1 p.e. and delay
smaller than 50 ns are afterpulses produced when the µcell has
not yet recovered. The population at time delay less 50 ns and
amplitude 1 p.e. might be mostly delayed optical cross-talk,
and some dark pulses or afterpulses related to avalanches hap-
pened more than 5 µs before the primary avalanche. The other
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Figure 19: The PAP and τAP as a function of ∆V . The afterpulse average time
constant < τAP > of 6.769 ± 0.110 ns is found.
populations at larger amplitude than 1 p.e. are of similar nature
than what described for 1 p.e. but further enhanced by opti-
cal cross-talk. In the plot, the red solid line is calculated from
Eq. 17 and the dashed lines are enhanced by optical cross-talk.
5. Optical characterisation
The photon detection efficiency (PDE) is one of the most
important parameters describing the sensitivity of a SiPM as
a function of wavelength of the incident light λ and the ap-
plied over-voltage ∆V: PDE = QE(λ) ×  × PG(∆V, λ), where
QE(λ) is the quantum efficiency, PG is the Geiger probability,
and  the µcell fill factor (the percentage of it that is sensitive to
light). More details about each PDE component can be found
in the Ref. [28]. To study the PDE, our experimental setup at
IdeaSquare at CERN was used (see Fig. 21). In this Section, the
methods used for both absolute (at a given λ) and relative (λ-
dependent) PDE measurement are reported and corresponding
results discussed at the end of the section.
5.1. Absolute PDE measurements with pulsed light
The schematic layout of the experimental set-up developed
for absolute PDE measurements is shown in Fig 21a. The set-
up is built around an integration sphere9, used to produce at
each output port a diffuse light of similar intensities by multiple
scattering reflections on its internal surface. This destroys any
spatial information of the incoming light usually produced by
a LED but preserves the power at each port. A calibrated pho-
todiode10, placed on one output port, is used to determine the
9Thorlab, Model IS200-4
10Hamamatsu S1337-1010BQ, s/n 61
Figure 20: The 2D histogram shows the time difference between primary pulses
and following ones on the x-axis and the amplitude of the second signal on the
y-axis. The colors represent the number of events in each bin. The expected
afterpulse amplitudes as a function of the delay time is calculated from the µcell
recovery time for pure afterpulses (red solid line) and for enhanced afterpulses
by optical cross-talk or dark pulses (dashed red lines).
absolute amount of light scattered in the ports (power density),
in order to estimate the number of photons impinging on the
SiPM under test, sitting on the other port. The LED bias is pro-
vided by a pulse generator, with repetition rate of f = 500 Hz,
chosen to:
• have reasonable acquisition time (∼ 45 min) for a full scan
of the over-voltage in the range of 1 V ≤ ∆V ≤ 8 V with a
step of 0.4 V, for each given wavelength;
• have a photocurrent level (I ≥ 100 pA) at least 50 times
higher than the SiPM dark photocurrent;
• not saturate the LED, which exhibits a non linear be-
haviour for f > 3 kHz.
The dynamic range of the SiPM11 is much lower than the
one of a generic photodiode. To be able to illuminate the
SiPM with different light intensities, a Neutral Density Filter12
(ND Filters) is inserted between the integration sphere output
port and the SiPM. To enable easy and fast replacement, the
ND Filter is mounted on a motorized wheel. To uniformly il-
luminate the SiPM full active area, a 50◦ × 50◦ diffuser13 is
11The dynamic range is the range where SiPM signal charge is linearly pro-
portional to number of photons. As matter of fact, the SiPM linearity relies on
the fact that each photon hits a different µcell and the signal is the sum of the
charge of the fired µcells. If the density of photons is too high, the probability
that a photon impinges on a µcell, which has been already fired, and thus is
inactive, becomes non negligible. In this case, not all photons contribute to the
signal and then the linearity is lost and the device is said to be saturated.
12Thorlab, Model NE530B
13Thorlab, ED1-S50-MD
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Figure 21: Schematic layouts of the developed experimental set-up for: abso-
lute 21a and relative 21b PDE measurements
mounted after the ND Filter. The surface uniformity is mea-
sured using a LED (λ = 405 nm), and a small photodiode14
(with 0.8 mm2 active area) mounted on a 2D translation stage15.
The light intensity non-uniformity, which has also to be taken
into account for the PDE calculation, was measured over the
active area of the hexagonal SiPM and it is < 2%.
The power ratio, R = PPD/PS iPM , between the light inten-
sity measured by the calibrated photodiode, PPD, and the SiPM,
PS iPM , is measured experimentally as described in Ref. [33].
Measurements were done for different light wavelengths (i.e.
405, 420, 470, 505, 530, 572 nm).
The transparency (RND(n)) of the ND Filter n at a given λ is
measured as:
RND(n) =
IND(n)
IPD
· 1
RGeom.
, (29)
where n is the ND Filter number (n = 1 is used when there
is no filter); IND(n) and IPD are the photocurrents measured by
one photodiode positioned after the ND Filter and the refer-
ence photodiode positioned at another output of the integration
sphere, respectively; RGeom. =
IND(n=1)
IPD
is the power ratio be-
tween the light intensity measured by the photodiodes when
there is no ND Filter. In order to measure RND, a Xenon lamp
(75 W) was coupled with a monochromator16 to select λ. The
comparison between the measured values, RMeasuredND (n), and the
14Thorlab, Model SM05PD2A
15two Thorlab LTS300 motorized stages connected together by Z-Axis
bracket.
16Oriel Tunable Light Source System TLC-75X
Figure 22: Measured (open dots) RMeasuredND (n) and ”typical” one R
Typical
ND (n)
given by producer (lines) transmission of ND Filters as a function of wave-
length. In the bottom pane, it is shown the relative differences RDi f f .ND (n) as
defined in the text.
”typical” one given by the producer, RTypicalND (n), as a function
of λ and for different attenuation filters is presented in Fig. 22
together with the relative differences, on bottom of the figure.
The data acquisition system is similar to the one presented in
Sec. 4.1. During data taking, the photocurrent of the photodi-
ode is read out by the Keithley 6487. Data taking is triggered
by a pulse generator and controlled by a Labview program to
automate the necessary measurement steps.
The absolute PDE is calculated using the so-called Poisson
method [22, 34, 33, 28] from the average number of detected
photons, corrected by factor kcorrLED to take into account the un-
correlated SiPM noise:
kcorrLED = − ln (PLED(0)) + ln (Pdark(0))
= − ln
(
NLED(0)
NLED(total)
)
+ ln
(
Ndark(0)
Ndark(total)
)
, (30)
where Ndark(0) and Ndark(total) are the number of waveforms
with no SiPM signal within the dark regions preceding it and
the total number of recorded waveforms, respectively.
The PDE can be calculated as:
PDE =
kcorrectedLED
Nph
, (31)
where Nph is the average number of photons hitting the SiPM.
The Nph can be estimated from converting the photocurrent
from the calibrated photodiode as:
Nph =
IPD × R × RND × αlight
f × QEPD(λ) × e , (32)
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where IPD is the photocurrent measured by the calibrated pho-
todiode, QEPD(λ) is the photodiode quantum efficiency, f is the
pulse repetition frequency (typically f = 500 Hz) and e is the
electron charge. The PDE as a function of ∆V for six different
wavelengths is shown in Fig. 23. There are three main sources
of uncertainty for the PDE determination:
• The precision on Nph, calculated from the photodiode cur-
rent, used for its calibration curve, and corrected by the
power ratio R = PPD/PS iPM .
• The determination of kcorrLED based on the separation of
the “0 p.e.” and “1 p.e.” peaks, affected by SiPM noise
(i.e. DCR, PXT and PAP), which are proportional to the
”LED” gate.
• The precision of the calibrated quantum efficiency curve
of the photodiode.
Therefore, for precise absolute PDE measurements perfectly
calibrated photodiodes, fast LEDs or lasers are strongly prefer-
able. In the Fig. 23, we can observe that the error bars are differ-
ent for different wavelengths. This reflects the variations of the
LED light intensity during the measurements, which determine
the precision of kcorrLED calculation.
The PDE of a SiPM can be obtained fitting the data as a func-
tion of ∆V (see Fig. 23) for each wavelength with the function:
PDE = PDEmax × PG (33)
where PG is the Geiger probability (See. Eq. 12) and PDEmax
is a free parameter, which depends on SiPM type, light wave-
length and to some extent on temperature [25]. Such a parame-
terisation provides a good description of our experimental data
as shown in Fig. 23.
5.2. Relative PDE measurement with continuous light
The absolute PDE measurements method requires a pulsed
light source, as LEDs or a laser, so it is possible only for a lim-
ited number of wavelengths. Therefore, to measure the PDE
in a wide wavelength range, from 260 nm up to 1150 nm, a
second method, the so called “Relative PDE”, is used. The
schematic layout of the experimental set-up developed for the
relative PDE measurement is shown in Fig 21b. The reverse
current-voltage IV characteristics of the SiPM device at differ-
ent wavelengths are performed using a Keithley 2400, while a
Keithley 6487 is used to read photocurrent from calibrated pho-
todiode.
The collection of reverse IV curves of the Hamamatsu
S10943-2832(X) SiPM, for different wavelengths from 260 nm
up to 1150 nm, is shown in Fig. 24. The difference between
SiPM current with light and in dark condition IlightS iPM − IdarkS iPM at
a given ∆V can be expressed as:
IlightS iPM − IdarkS iPM = PDE(∆V, λ) × Nγ × e ×Ge f f .S iPM(∆V), (34)
where PDE(∆V, λ) is the PDE at a given ∆V and λ, Nγ is the
average number of photons sent to the SiPM device per given
Figure 23: PDE vs. ∆V of the Hamamatsu S10943-2832(X) SiPM. The results
are presented for six different wavelengths: 405 nm, 420 nm, 470 nm, 505 nm,
530 nm and 572 nm. Also, the Ratio =
(
PDEdata − PDE f it
)
÷ PDEdata is
shown.
time interval, Ge f f .S iPM(∆V) is the effective SiPM gain, namely
the SiPM gain enhanced by cross-talk and afterpulses effects
(for more details see Sec. 4.1). The Nγ is proportional to the
photocurrent from the calibrated photodiode IPD(λ). Therefore,
the relative PDE in Eq. 34 can be rewritten as:
PDE(∆V, λ) =
IlightS iPM − IdarkS iPM
e × Np.e. ×Ge f f .S iPM(∆V)
∝ I
light
S iPM − IdarkS iPM
IPD(λ)
(35)
The relative PDE as a function of λ at ∆V = 2.8 V is pre-
sented in Fig. 25, together with the values as calculated from
the “IV Model” (see Sec. 3.2) by re-normalising them to the
light intensity as estimated with the calibrated photodiode.
At a given temperature, the Cµcell and dNcar/dt of a SiPM
device do not depend on light intensity, but only on the SiPM
internal structure. Therefore, a simultaneous fit is done assum-
ing that Cµcell and dNcardt are the same for all curves. To reduce
computing time, the fit procedure used only eight curves cor-
responding to 300, 350, 400, 470, 550, 600, 700 and 800 nm
wavelengths. The relative PDE calculated from the “IV Model”
is in good agreement with the results calculated from Eq. 35, as
shown in Fig. 25. The main advantage of the “IV Model” for
relative PDE calculation is that also the breakdown voltage is
extracted from the fit. As a matter of fact, in Eq. 35 the cur-
rents are measured as function of Vbias and then to derive the
PDE vs over-voltage, the VBD has to be known or determined
independently.
To have an absolute PDE vs λ, the relative PDE is nor-
malised to the absolute values obtained from Eq.33 at ∆V =
2.8 V and presented in Fig. 26. Due to the complicated be-
haviour of the PDE vs λ, a sum of three polynomial functions
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Figure 24: The reverse IV measurements of the Hamamatsu S10943-2832(X)
SiPM illuminated by continuous light for various wavelengths from 260 nm up
to 1150 nm. and in dark (black dots). The colors represent the wavelengths
is used to fit the experimental data from 260 up to 1000 nm:
PDE(λ) =
(
a1 + b1 · λ + c1 · λ2
)
· H1(λ)
+
(
a2 + b2 · λ + c2 · λ2
)
· H2(λ) (36)
+
(
a3 + b3 · λ + c3 · λ2 + d3 · λ3
)
· H3(λ),
where ai, bi, ci, with i = 1, 2, 3, and d3 are free parameters and
Hi are Heaviside step functions in the ranges:
H1 : 260 nm < λ < 370 nm,H2 : 370 nm < λ < 530 nm,
H3 : 530 nm < λ < 1000 nm.
The result in Fig. 26 shown a good agreement between ex-
perimental data and the fit using Eq. 37.
The PDE as a function of ∆V and λ is particularly useful
to predict its variations with experimental conditions, such as
temperature or the NSB [35], which affects ∆V and then the
sensor response. The PDE as a function of ∆V and λ, shown
in Fig. 27, can be obtained by combining the the absolute and
relative PDE measurements.
The analytical expression of the PDE is given in Eq. 33. As
can be seen in Fig. 28, data and this representation agree within
3% on average. At low over-voltages (∆V ≤ 1.5 V), there is the
largest disagreement between the fit function and the data:
• λ ≤ 300 nm, the Xe lamp was operated with a larger slit
width of 1.24 mm, to have enough light. As consequence,
the wavelength resolution was of 16.1 nm and this resulted
in lower precision on PDE (See Fig. 26) and then in a
worse quality fit;
• for λ ≥ 800 nm, the photocurrent generated by the SiPM is
comparable to its dark current (see Fig. 24) and, therefore,
the signal to noise ratio is low.
Figure 25: The relative PDE vs λ for the Hamamatsu S10943-2832(X) SiPM.
The results are presented for all four channels: A1, B1, A2, B2 and also for the
PDE calculated from the “IV Model” for the channel A1 (black points).
Figure 26: The PDE vs wavelength for the Hamamatsu S10943-2832(X) SiPM
from 260 nm up to 1000 nm at ∆V = 2.8V . Each channel is presented by a
different colour and the PDE from pulsed light is presented by cyan dots. Also
the fit is shown by the red line and the Ratio =
(
PDEdata − PDE f it
)
÷ PDEdata
is shown in the bottom plot.
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Figure 27: The PDE vs. λ and ∆V for S10943-2832(X).
Figure 28: The difference between the measured PDE and the fit function di-
vided by the measured PDE.
Figure 29: PG as a function ∆V for various λ. The colors represent the wave-
lengths. Also the average PG for DCR and for PXT are shown.
5.3. Geiger probability
The Geiger probability PG, also known as triggering proba-
bility, represents the probability that a carrier reaching the high
field region will trigger an avalanche.
The PG as a function of ∆V for different wavelengths λ is
shown in Fig. 29, where it is evident how PG increases with in-
creasing ∆V much rapidly for short wavelengths (blue light).
Oldham [36] and McIntyre [23] relate this behaviour to the
properties of light absorption in silicon and to the SiPM µcell
structure and ionisation rates of electrons, αe. and holes, αh. In
particular, for p+/n/n − epi/n-sub-structure PG at short wave-
lengths λ (blue light) is dominated by αe while at long one (red
light) it is dominated by αh. Thus, the fast increase of PG with
∆V at short λ is related to the fact that αe >> αh [37].
The average probabilities that thermal pulses (see Sec. 4.5)
or pulses created by optical cross-talk (see Sec. 4.5.1) trigger
an avalanche are indicated as PDCRG and P
XT
G in Fig. 29. As can
be seen, PDCRG is equal to PG (black dashed line) at λ = 565 nm
and PXTG (red dashed line) is equal to PG at λ = 1041 nm. From
this and previously discussed behavior between λ and αe, αh we
may conclude that:
• the main contribution of DCR is triggered by both elec-
trons and holes;
• the main contribution of PXT is triggered by holes;
6. Conclusions
In this work we report about the characterization measure-
ments of the large area hexagonal SiPM S10943-2832(X). We
measure all relevant SiPM parameters, detailed in Tab. 2. We
also show how to build a PDE function of the wavelength and
over-voltage. This is of paramount importance to determine the
working point of SiPMs in real applications where external fac-
tors can affect its parameters, such as in the presence of NSB.
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Additionally, we compare several methods commonly used for
VBD estimate from the reverse current voltage IV measurement.
The functions to fit PDE, DCR PXT and PAP are discussed. We
also show how, from these fits, the triggering probability PG as
function of the wavelength can be extracted. From its behaviour
we infer that the DCR is triggered by both electrons and holes,
while the cross-talk is initiated by avalanches triggered mainly
by holes.
Breakdown voltage VACBD 54.699 ± 0.017 ± 0.025 V
DCR/mm2 @ 0.5p.e. (@Vop) 26.50 ± 0.15 KHz
DCR/mm2 @ 1.5p.e. (@Vop) 1.735 ± 0.04 KHz
PXT (@Vop) 6.5 %
PAP (@Vop within 5 µs) < 2 %
PDE (@Vop & λ = 472 nm ) 35.5 ± 3.5 %
Peak sensitivity wavelength 480 nm
Quenching resistor Rq 182.9 ± 0.3 ± 31. kΩ
Table 2: S10943-2832(X) SiPM main measured characteristics at T = 25 ◦C.
Vop = VBD + 2.8 V.
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